Introduction
Intracellular traffic occurs primarily through vesicle intermediates that move among individual organelles and the plasma membrane. The diversity of cargo and destinations that these trafficking intermediaries possess suggests the existence of subsets of vesicles and proteins dedicated to the transport of certain molecules. Moreover, it renders maintenance of vesicle integrity and specificity essential. Assisting in the formation and budding of membranes are coat proteins, which form around nascent vesicles and promote the energyintensive membrane bending associated with vesicle formation.
Mirroring the diversity of intracellular vesicles, there are different types of coat proteins. Among these are the coat proteins complexes (COP) I and II, which function in traffic between the endoplasmic reticulum and the early Golgi, and clathrin, which works at later stages in the secretory pathway, as well at the plasma membrane as a prime component of endocytosis (Schekman and Orci, 1996; Bonifacino and Glick, 2004; McMahon and Mills, 2004) . Clathrin is the most well-characterized coat protein complex. It was discovered and named in 1976 (Pearse, 1976) and has been the subject of intense investigations (Robinson, 2015) . It is composed of two proteins, the clathrin "heavy" and "light" chains, that combine into a triskelion that includes three copies of each subunit. Multiple triskelia organize into a lattice at sites of membrane budding to provide structural support for membrane bending through the natural curvature of the lattice, as well as support for vesicle fission (Brodsky, 1988; Brodsky et al., 2001; Kukulski et al., 2016) . Clathrin performs this function primarily at the late/trans-Golgi and at the plasma membrane, with resulting vesicles being sent to early endosomes in both cases (Costaguta et al., 2001; Raiborg et al., 2001; Hinners and Tooze, 2003; Puertollano et al., 2003; Bonifacino and Glick, 2004) . Thus, clathrin is a major component of both the endocytic (plasma membrane budding) and the secretory (Golgi budding) machinery in eukaryotes (Gall et al., 2002; Kaksonen et al., 2005; Newpher et al., 2005; Daboussi et al., 2012) .
In an effort to understand the molecular basis of the filamentous growth of fungi, we are working to characterize the endocytic machinery in the fungus Aspergillus nidulans. In hyphae, the tip-growing cells produced by filamentous fungi, endocytosis is highly concentrated at a specific region behind the site of growth. The annulus of endocytosis stretching from 1 to 5 mm behind the apex, termed the "endocytic collar," thus represents endocytic "hot spots" seen in mammalian cells, where the membrane appears to be marked for constitutive endocytosis (Taheri-Talesh et al., 2008; Upadhyay and Shaw, 2008; Saffarian et al., 2009; DelgadoAlvarez et al., 2010; Herv as-Aguilar and Peñalva, 2010; Cao et al., 2011; Shaw et al., 2011; Sudbery, 2011; Wang and Shaw, 2016) . Only proteins known to be involved in the middle and late stages of endocytosis have been studied in filamentous fungi. These proteins generally arrive and leave the plasma membrane with consistent lifetimes, whereas "early stage" endocytic proteins, including clathrin, are more variable and can be dependent on factors such as the amount of cargo associated with patches (Kaksonen et al., 2005; Carroll et al., 2012; Weinberg and Drubin, 2012) .
Clathrin is therefore an ideal protein for investigating the molecular processes at the hyphal tip. The function and localization of clathrin has not been determined in filamentous fungi. Clathrin-dependent and clathrinindependent endocytosis occur in both the budding yeast Saccharomyces cerevisiae (Lemmon and Jones, 1987; Tuo et al., 2013) , and the fungal pathogen Candida albicans (Xu et al., 2007; Epp et al., 2013) , and clathrin is not strictly essential for viability in either of these organisms. In C. albicans, however, inhibiting a component of clathrin-mediated endocytosis had the specific effect of abolishing the formation of hyphae (Epp et al., 2010) . Studying clathrin in filamentous fungi is potentially informative for several reasons. First, fungal cell biologists and pathologists have focused on intracellular trafficking as a major player in overcoming host defenses, production of mycotoxins, polarized growth, and development (Wedlich-S€ oldner et al., 2000; Steinberg, 2007b; Chanda et al., 2009; Pinar et al., 2013; . Second, the elongate cells of filamentous fungi are excellent for imaging long distance trafficking, as well as the interplay of endocytosis and exocytosis (Wedlich-S€ oldner et al., 2000; Feldbr€ ugge et al., 2004; Becht et al., 2006; Steinberg, 2007a,b; Taheri-Talesh et al., 2008; Abenza et al., 2009; Pantazopoulou and Peñalva, 2009; Jones and Sudbery, 2010; S anchez-Le on et al., 2011; Sudbery, 2011; Echauri-Espinosa et al., 2012; Caballero-Lima et al., 2013; Riquelme et al., 2014; S anchez-Le on et al., 2015) . Third, the endocytic collar that just precedes the hyphal tip is a uniquely fungal structure that is important for the maintenance of somatic fungal growth, and little is known about endocytic protein dynamics there (AraujoBaz an et al., 2008; Taheri-Talesh et al., 2008; Upadhyay and Shaw, 2008; DelgadoAlvarez et al., 2010; Echauri-Espinosa et al., 2012; . Finally, membrane progression through Golgi is coupled to polarized growth and is easily visualized in filamentous fungi, allowing for the examination of any clathrin structures that might be found at this organelle (Bracker, 1967; Howard, 1981; Dargent et al., 1982; Cole et al., 2000; Hohmann-Marriott et al., 2006; Bowman et al., 2009; Pantazopoulou and Peñalva, 2009; Harris, 2013; Pinar et al., 2013; Pantazopoulou et al., 2014; S anchez-Le on et al., 2015; Kim et al., 2016; Pantazopoulou, 2016; Riquelme et al., 2016) .
Here, we examined clathrin function and localization in A. nidulans. Clathrin decorated late Golgi (the transGolgi equivalents of filamentous fungi) and exhibited distinct dynamics during late Golgi maturation. In addition, clathrin weakly labeled endocytic sites, and disruption of clathrin had minimal effects on endocytosis. Finally, small structures labeled with clathrin, possibly representing transitory vesicles moving from sites of clathrin budding, exhibited long distance movement throughout hyphae.
Results

Identification of clathrin components in A. nidulans
Clathrin is a major, conserved component of the endocytic and secretory machineries in eukaryotes (Pearse, 1976; Robinson, 1994; Kirchhausen, 2000; Weinberg and Drubin, 2012; Kirchhausen et al., 2014) . The homologues of the clathrin heavy and light chain are encoded by A. nidulans AN4463 and AN2050 respectively (Bourett et al., 2007; Goldman and Osmani, 2007; S anchezFerrero and Peñalva, 2007) . Below, we use the name given to them previously (S anchez-Ferrero and Peñalva, 2007) , and refer to the clathrin heavy chain/AN4463 as claH and the clathrin light chain/AN2050 as claL. The claH gene is composed of 5416 nucleotides, including 6 exons, and is predicted to encode a protein of 1676aa in length. claL is composed of 906 nucleotides, including 4 exons and is predicted to encode a protein of 240aa in length (Cerqueira et al., 2013) .
Fungi (including Neurospora crassa, S. cerevisiae, C. albicans, Ustilago maydis and A. nidulans) appear to encode one copy each of the heavy and light chain proteins, as opposed to animals and plants, which possess at least two copies of each gene (Read and Kalkman, 2003; Wakeham et al., 2005; Kim et al., 2010; Weinberg and Drubin, 2012; Epp et al., 2013) . Clathrin light chain proteins, overall, appear to be much less conserved than heavy chain proteins, particularly in the N-terminal 50% of the protein. ClaL, for example, shares 25% similarity with both Homo sapiens clathrin light chain A and clathrin light chain B, but all of the similarity is within the last 200aa of the 240aa ClaL for LCb and the last 120aa for LCa. The same holds true when comparing the ClaL with the light chain homologue in U. maydis, which shares almost no similarity with the first 80aa of ClaL. This can be accounted for by the observation that binding of the light chain to the heavy chain occurs primarily within the center and the C-terminal regions of the light chain (Brodsky et al., 1991; Chen et al., 2002) . In the 22aa stretch on the N-terminus that is completely conserved among vertebrate light chains, a phenylalanine and a leucine (at position 29-30 in ClaL) appear to be conserved throughout fungi and animals (as an FLxRE motif in fungi, Supporting Information Fig. S1 ).
General localization of clathrin in A. nidulans
To view general clathrin dynamics in A. nidulans, we constructed a strain expressing either claH::GFP or claL::GFP as the sole copy of the gene at their respective loci under control of their native promoters by adding the GFP sequence immediately before the stop codon. In previous studies, an N-terminal fusion for labeling the clathrin light chain was used (Newpher et al., 2005) . Here, C-terminal fusions were used. All tested transformants were similar to wild type in growth (Supporting Information Fig. S2 ), and exhibited consistent fluorescent signals, and ClaH-GFP was used for the following experiments, unless otherwise noted.
ClaH-GFP localized to a variety of structures, several of which will be examined in detail below. Among these, the most pronounced were fragmented, cytosolic rings that proceeded with the growing tip ( Fig. 1A and Movie 1). These structures undulated, with portions of the rings moving in and out of focus during video acquisition. Although they were highly pleiomorphic, they shared some characteristics, including: the presence of one or several bright puncta where ClaH-GFP was presumably highly concentrated within the structure, the appearance of a semicircular or circular backbone along which the puncta were arranged, and their steady positioning relative to the apex (Fig. 1A) .
Next, we noted that in growing cells ClaH-GFP appeared to localize weakly to the endocytic collar, but ClaH-GFP structures were absent from the most apical 1-3 mm of the cytoplasm in growing cells (Movie 1 and Fig. 1B ). This could be seen clearly when FM4-64 was used to stain cells expressing claH::GFP (Fig. 1B) . In filamentous fungi, FM4-64 is internalized primarily through endocytosis and slowly labels many intracellular membranes including, but not always, the Spitzenk€ orper, a spherical body in the hyphal apex that is composed of exocytic and recycling vesicles (Grove and Bracker, 1970; Howard, 1981; Hoffmann and Mendgen, 1998, Fischer-Parton et al., 2000; Fuchs et al., 2006; Riquelme et al., 2014; Verd ın et al., 2009; Jones and Sudbery, 2010; Riquelme, 2013; S anchez-Le on et al., 2015) . A Spitzenk€ orper is a hallmark of a healthy, rapidly-growing hypha in ascomycetous filamentous fungi, and in Fig. 1B this is shown with a Spitzenk€ orper labeled with FM4-64 imaged concurrently with ClaH-GFP which showed a zone of ClaH-GFP exclusion that was present within the hyphal tip (Fig. 1B) . Alternatively, A. ClaH-GFP localizes to bright cytosolic structures, illustrated in the right panel and enlarged 23 in the insets (* 5 hyphal tip). B. ClaH-GFP is absent from the tip in growing cells (left three panels), while this exclusion zone is not seen in non-growing cells (right three panels, brackets 5 area with minimal ClaH-GFP presence, arrow 5 Spitzenk€ orper, red and green channels are presented in inverted grayscale). C. Small clathrin structures (arrows) were also seen moving long distances within hyphae (time in seconds, presented in inverted grayscale). D. ClaH-GFP is concentrated within the region 15 mm from the hyphal tip (right panel). E. Colocalization of ClaL-GFP and ClaH-mCherry (Pearson's correlation coefficient 5 0.92 for this image, likely <1.0 because of time difference between GFP/mCherry channel capture). Scale bar 5 5 mm, except bar in insets 5 2 mm.
Clathrin in A. nidulans 301 in non-growing cells, both the zone of exclusion and the Spitzenk€ orper were absent (Fig. 1B) (L€ opez-Franco and Bracker, 1996; Araujo-Palomares et al., 2007) . The ClaH-GFP exclusion zone seen in growing cells was similar to that seen with late Golgi equivalents in A. nidulans Pantazopoulou et al., 2014; Pinar et al., 2015; Pantazopoulou, 2016) .
By taking videos of clathrin dynamics with frame rates of 5/s, we observed several small puncta exhibiting directional movement near the edges of hyphae (Fig.  1C) . The movement was saltatory, and the structures were small and dim so that they were frequently obscured by larger ClaH-GFP structures during image capture, but they were seen and recorded frequently enough that it became clear that a separate population of clathrin was continuously trafficking along the length of the hyphae. The highest concentration of ClaH-GFP structures was present within 15 mm from the growing tip (Movie 1 and Fig. 1D ). Finally, we checked the localization of both ClaL and ClaH proteins in a strain that contained both ClaL::mCHerry and ClaH-GFP. As expected, the proteins colocalized well (Fig. 1E) , although colocalization was not entirely complete, likely due to movement occurring in the time frame (2 s) between the capture of each channel. Next, we analyzed each class of ClaH-GFP localization more thoroughly.
Clathrin localizes to dynamic hubs on late Golgi
Clathrin is known to act as a coat protein for vesicles budding from the trans-Golgi network (Griffiths and Simons, 1986; Brodsky, 1988; Draper et al., 1990; Rothman and Orci, 1990; Salamero et al., 1990; Le Borgne and Hoflack, 1997; Newpher et al., 2005; Kirchhausen et al., 2014) . This led us to hypothesize that a major cytosolic population of clathrin, likely the fragmented rings shown in Fig. 1A , would localize to the late Golgi. To assess whether these structures were indeed ClaH-GFP associating with the late Golgi, we constructed strains that expressed both ClaH-GFP and the late Golgi marker mRFP-PH OSBP simultaneously. As shown in Fig. 2A -C and Movies 2 and 3, ClaH-GFP localized on mRFP-PH OSBP -labeled late Golgi. Across several images and time lapse sequences, we did not observe any late Golgi that did not associate with some ClaH-GFP at some point during its lifetime ( Fig. 2A and C, and Movie 2). Interestingly, instead of being arranged over the surface of the Golgi, ClaH-GFP was arrayed on the organelles in a variety of patterns. For example, circular crosssections were seen with 1-8 ClaH puncta (generally depending on the size of the mRFP-PH OSBP -labeled late Golgi) arranged symmetrically, resulting in the appearance of "hubs" on late Golgi: specific sites that appeared to be dedicated to clathrin-associated budding ( Fig. 2A-C) . Alternatively, late Golgi that did not form rings were sometimes completely covered with ClaH-GFP (Fig. 2C) . To confirm that ClaH-GFP was associating with late Golgi, we treated ClaH-GFP and mRFP-PH OSBP expressing strains with Brefeldin A. In A. nidulans, BFA causes late Golgi to collapse into large, bulbous cytosolic bodies Pantazopoulou and Peñalva, 2009) . When added to a strain expressing ClaH-GFP and mRFP-PH OSBP , BFA caused the expected collapse of mRFP-PH OSBP . ClaH-GFP, moreover, strongly associated with these structures, although there was some residual ClaH-GFP signal (Fig. 2D) .
To obtain a better understanding of the interplay of clathrin and late Golgi dynamics we captured dualchannel image sequences of strains expressing ClaH-GFP and TGN-mRFP over a time limit that could capture the entire lifetime of a late Golgi while limiting phototoxicity on our system (3 to 4 min total, imaging every 4 s). As shown in Movies 2 and 3, and Fig. 3 , ClaH-GFP appeared to be associated with all late Golgi at some level throughout the lifetime of the organelle. However, as the late Golgi began to dissipate, ClaH-GFP fluorescence intensity increased until just after mRFP-PH OSBP could no longer be seen. Between 2 and 4 frames (10-20 s) after mRFP-PH OSBP could not be seen, ClaH-GFP would dissipate. This behavior is represented in Fig. 3A -C as a recording of relative ClaH-GFP and mRFP-PH OSBP fluorescence intensities over time on individual late Golgi, showing that ClaH-GFP intensity reaches its peak just after mRFP-PH OSBP disappears. Specifically, ClaH-GFP signal was highest on average 8 6 2 s (s) (N 5 14) after mRFP-PH OSBP signal dissipated.
Clathrin localization at sites of endocytosis
Clathrin plays a well-known role in endocytic site establishment and maintenance, as well as vesicle fission (Robinson, 1994; Kaksonen et al., 2005; Newpher et al., 2005; Granseth et al., 2006; Weinberg and Drubin, 2012; Kukulski et al., 2016) , although clathrin-independent endocytosis has also been documented in many organisms (Prosser et al., 2011; Epp et al., 2013; Mayor et al., 2014) . Endocytosis is generally thought to be essential for hyphal growth, and a characteristic feature of growing hyphae is a "collar" of endocytic sites concentrated behind the hyphal tip (Fischer-Parton et al., 2000; Fuchs et al., 2006; Taheri-Talesh et al., 2008; Upadhyay and Shaw, 2008; Shaw et al., 2011; Sudbery, 2011; . Therefore, we attempted to track ClaH-GFP at endocytic sites in this region. Interestingly, unlike in budding yeast, where clathrin and most other endocytic proteins can be seen as puncta at the plasma membrane, and in contrast to the high concentrations of other endocytic proteins in the endocytic collar, no strong ClaH-GFP cortical localization could be seen ( Fig. 4A ), even with significantly higher exposures than those used for viewing Golgi signal. Instead, ClaH-GFP was primarily localized to a haze with a few puncta where the endocytic collar would normally be located (bracket in Fig. 4A ), behind which the bright cytosolic structures corresponding to late Golgi could be seen (Fig. 4A ).
Clathrin acts early in the endocytic process (Kaksonen et al., 2005; Newpher et al., 2005; Weinberg and Drubin, 2012) . To compare localization of this early endocytic protein with that of a protein from later in the process, we obtained a strain in which ClaH-GFP and the actin cross-linking protein FimA-mCherry (Fimbrin) were co-expressed at their native loci by their native promoters. We also imaged FimA-GFP individually for analysis of actin patch dynamics. FimA-mCherry/GFP localized to bright, cortical puncta and was highly enriched in the endocytic collar, as seen previously (Upadhyay and Shaw, 2008) . When imaged together, ClaH-GFP and FimA-mCherry exhibited only minor colocalization at the collar, with FimA-mCherry much brighter and more discrete while ClaH-GFP signal was a haze only slightly A. ClaH-GFP puncta arranged on circular late Golgi in a germling (and 23 magnification inset). B. Fluorescence intensity along a line drawn through the late Golgi shown in A with graph showing ClaH-GFP localization around mRFP-PH OSBP -labeled late Golgi. C. A variety of ClaH-GFP localization patterns on mRFP-PH OSBP labeled late Golgi. Left arrows and insets show three separate ClaH-GFP hubs on late Golgi, center arrows show ClaH-GFP brightly localized over an entire late Golgi, and right arrows show a late Golgi with one ClaH-GFP hub. D. A portion of ClaH-GFP segregates into "Brefeldin bodies," marked here by mRFP-PH OSBP , when hyphae were exposed to Brefeldin A. Scale bar 5 5 mm.
above background (Fig. 4B ). In fact, only 57.7% (N 5 45/ 78) of FimA-mCherry in subapical regions (>15 mm behind the apex) were preceded or colocalized with ClaH-GFP signal to some extent. In the endocytic collar, ClaH-GFP did form puncta, but these did not obviously give rise to FimA-mCherry puncta, and because both of these proteins were extremely dynamic in the endocytic collar, clear progression from ClaH-GFP to FimAmCherry at a patch, as seen at endocytic sites in yeast (Kaksonen et al., 2005; Newpher et al., 2005) , was rare in this region (Movie 4 and see below).
To see if brighter structures were obscuring colocalization between clathrin and fimbrin, we also analyzed several videos of patches at distal regions of hyphae, where there was much less cytosolic fluorescence. Again, only a minor relationship between ClaH-GFP and FimA-mCherry was shown. Figure 4C shows one FimAmCherry patch arising near a large ClaH-GFP patch with the ClaH-GFP dissipating around the same time as FimA-mCherry, and in Fig. 4D which captures a FimAmCherry patch appearing at the same location just after a patch labeled with ClaH-GFP, then moving with ClaH-GFP before disappearing.
Finally, we reasoned that endocytic patches could be observed within conidia that are swollen just prior to germ tube emergence, which do not have regions of highly concentrated endocytosis. Therefore, we incubated spores on minimal medium for 2.5 h (a time after dormancy is broken, but before a polarized germ tube emerges). At this time, each spore had 11.3 6 0.41 endocytic sites (N 5 30) as determined by Z-stacks of FimA-mCherry (Movie 5). Again, however, FimAmCherry and ClaH-GFP did not show strong colocalization ( Fig. 4E and Movie 5). Some FimA-mCherry patches were associated with ClaH-GFP, but the ClaH-GFP signal was significantly dimmer, and some ClaH-GFP patches that appeared to be associated at first with FimA-mCherry moved independently of them in subsequent frames (Movie 5). In conclusion, ClaH-GFP localizes to the endocytic collar, but it does not consistently colocalize or precede FimA-mCherry patches.
Dynamics of endocytosis in A. nidulans hyphae
To understand the dynamics of these "early module" and "late module" endocytic proteins (Kaksonen et al., 2005) , we compared the movements and lifetimes of individual puncta labeled by either FimA-GFP or ClaH-GFP in mature hyphae and in germlings. ClaH-GFP puncta were quantified in the collar, where they were most likely of endocytic nature, and exhibited significantly longer lifetimes than distinct FimA-GFP patches, which could be easily seen throughout hyphae (24 6 1.5s, N5 34 for ClaH-GFP vs 10 6 0.4s for FimA-GFP) (Fig. 5A ). Some larger plaques of both proteins were not added to these counts as they were often composed of several patches fusing and breaking apart, so the individual lifetime was difficult to ascertain. These dynamics are discussed below. We did not find a correlation between FimA-GFP distance from the apex and patch lifetime (not shown), which is in agreement with data from yeast that progression through the later endocytic ("actin") module is more rapid and regular than the earlier module (Kaksonen et al., 2005) . In Fig.  5B , the dynamics of several FimA-GFP patches in the endocytic collar over time are presented. In the upper panels of this figure, a patch is seen as a distinct spot that slowly disappears, likely because it is internalized. On the opposite region of the membrane, distinct puncta can be seen moving laterally, and possibly fusing or splitting into several patches. ClaH-GFP showed different dynamics at the collar (Fig. 5C ). Rather than labeling specific puncta, we observed that much of the signal was present in transient plaques that extend into the cytoplasm, in addition to more static patches near the membrane. This is demonstrated in the upper panels of Fig. 5C , in which several puncta appear that are too close to be resolved, and then can be seen forming a plaque. On the A. ClaH-GFP patches at the endocytic collar (bracket). Cytosolic ClaH-GFP structures were generally present in highest density within or just behind the endocytic collar. Green channel presented in inverted grayscale. B. ClaH-GFP expressed together with endocytic protein FimA-mCherry (bracket 5 endocytic collar, arrows 5 subapical punctum with both ClaH-GFP and FimA-mCherry. Red and green channels presented in inverted grayscale. C. A ClaH-GFP patch progressing into a FimA-mCherry-labeled patch (images taken at 4 s/frame interval, plasma membrane is in upper right quadrant of frames, where FimA-mCherry originates). D. A FimA-mCherry patch appearing and moving laterally, while associated with a ClaH-GFP patch (images taken at 4 s/frame interval, arrow 5 ClaH-GFP patch, plasma membrane is in upper right quadrant of frames). E. ClaH-GFP colocalized only weakly with a portion of FimA-mCherry patches in swollen conidia (arrows indicate no colocalization, arrowheads indicate some signal overlap). Scale bars for A, B, and E 5 5 mm, scale bars in C, D 5 1 mm.
opposite side of the plasma membrane, puncta are obscured by these larger "plaques," which disappear, leaving the puncta behind (see also arrowhead on lower panels). In addition, in Movie 6, typical, elongate ClaH-GFP structures, rather than distinct patches, can be seen localizing from the edge of the cell at the endocytic collar to the center of the cytosol.
Because the subapical collar appears to be marked for endocytosis, we next tested if any other regions of the subapical plasma membrane were marked for endocytosis. As shown in Fig. 5E -G, endocytic patches, in general, do not appear to assemble consistently at specific sites in subapical regions, although there are exceptions in which large FimA-GFP structures were seen persisting for longer than most puncta and giving rise to multiple patches (Movie 7).
These observations provided more evidence that the endocytic collar is a unique, marked "hotspot" for endocytosis, and led us to characterize the difference in frequency, size, and fate of endocytic sites occurring at the collar. From videos of FimA-GFP, we obtained videos showing several rounds of endocytosis at either the endocytic collar (1 to 5 mm from the apex Fig. 5F ) or a similarly sized region 15 mm away from the apex (Fig. 5G) . Kymographs from subapical regions allowed for a visualization of individual patch dynamics, which become more active and move along the membrane and into the cytosol near the ends of their lifetimes, giving the characteristic endocytic patch "J-shape" on a kymograph (Fig. 5G) (Newpher et al., 2005) . We measured the number of new FimA-GFP sites in these two areas (apex and subapex) over 1 min in germlings (with no septa present between the hyphal tip and the spore) and leading hyphae. As shown in Fig. 5H , significantly more patches were formed in the collar than in the subapex at all time points, as expected, and more patches were formed per minute for the collar (71.33 6 5.5 patches/min collar, mature; 37.8 6 1.07 patches/min collar, germlings) and the subapex (21.78 6 2.7 patches/ min, subapex, mature; 6.4 6 1.21 patches/min, subapex, germling; N 5 6 mature hyphae and N 5 5 germlings, Fig. 5H ). Patches in the collar of mature hyphae were also larger on average (0.55 6 0.032 mm, collar, N 5 41 and 0.4 6 0.017 mm, N 5 30, Fig. 5I ), which is apparent in kymographs of the collar (Fig. 5F ) as wide structures of high intensity.
Finally, because we had seen evidence of patches interacting (fusing, splitting), we documented the fate of patches in the collar compared with the subapex. Figure 5J shows that patches arising in the collar are more likely to be seen fusing with another patch when compared with those in the subapex (48% collar patches, N 5 41 vs 12% subapical patches, N 5 25), whereas subapical patches were more likely to arise and disappear without significant lateral movement or interaction with another patch (84% subapical patches, N 5 25 vs 34% collar patches, N 541). Finally, patches in the collar were more likely to undergo fission into two or more particles than subapical patches (12% collar patches, N 5 41 vs 4% subapical patches, N 5 25) or to undergo lateral movement to a spot outside of the 5 mm window used for analysis (5% collar patches, N 5 41 vs 0% subapical patches, N 5 25). In conclusion, the endocytic collar gives rise to more FimA-GFP patches over time. These patches are, larger and more dynamic than patches that arise in subapical regions, and are more likely to interact with each other. The degree to how these characteristics affect endocytic progression and vesicle size are areas for future study.
The role of clathrin in endocytosis
We next tested whether clathrin plays a role in endocytosis. First, we attempted to delete claH and claL. Three individual transformations were unsuccessful in isolating a homokaryotic claH deletion, suggesting that this gene is essential. A claL deletion was isolated, but its growth and development was extremely disrupted (Fig. 6A) . Interestingly, however, FM4-64 uptake did not appear to be strongly inhibited in a claL deletion (Fig. 6B ). This phenotype is not completely diagnostic of the presence of endocytosis, as FM4-64 may enter the cell through other means, but it is important to note that internalization of FM4-64 was almost completely abolished in a fimA deletion (Upadhyay and Shaw, 2008) . To test whether clathrin is involved in endocytosis in a more direct manner, we looked at FimA-mCherry when claH was downregulated using the niiA promoter. The niiA promoter is well-characterized and allows expression when nitrate is present as a nitrogen source (Cove, 1966; Punt et al., 1995; Osherov et al., 2000; Herv asAguilar and Peñalva, 2010; , but is strongly repressed when the nitrogen source provided is ammonium.
As expected, when a strain containing both FimAmCherry and niiA::claH was grown with sodium nitrate as the nitrogen source, hyphae were normal and FimAmCherry was strongly concentrated at the endocytic collar (Fig. 6C ). When this strain was grown with ammonium chloride as the nitrogen source, growth was also extremely debilitated (Supporting Information Fig. S2 ). After an overnight incubation, several germlings were seen that were highly vacuolated, with fluorescence spread throughout the cytoplasm (Fig. 6D) . Other hyphae, however, exhibited FimA-mCherry patches ( Fig.  6D and Movie 8). Interestingly, the lifetimes of these patches did not significantly differ on either claH expressing or repressing conditions (10 6 0.6 s, N 5 26 and 10 6 0.5s, N 5 24 respectively). Representative kymographs of FimA-mCherry in each of these conditions are given in Fig. 6E .
We hypothesized that ClaH-GFP may accumulate on the plasma membrane and be easier to view if endocytic site progression is stalled, so we looked at ClaH-GFP in a fimAD strain produced previously (Upadhyay and Shaw, 2008) . In this strain, most conidia produce aberrant germ tubes and short, swollen hyphae, although some normal but slow-growing hyphae are also produced (Upadhyay and Shaw, 2008) . In the absence of fimA in swollen germlings, ClaH-GFP was still strongly localized to internal cytosolic structures, with little evidence of a proliferation of plasma membrane localization ( Fig. 6G and Movie 9). Remarkably, however, in some normal-shaped hyphae, patches were seen accumulating in the plasma membrane, near and beyond where the endocytic collar would generally be located ( Fig. 6G and Movie 9). In time lapse videos these patches were dim and relatively static (Movie 9).
Vesicle trafficking
Finally, we observed structures labeled with ClaH-GFP undergo rapid, directed movement. This movement included the presence of a population of small, dim puncta that was only a minor portion of total ClaH-GFP signal, and it was observed occurring over distances of greater than 10 mm (Fig. 7A-C and Movie 10). This movement was bidirectional and rapid (2.041/s 0.17 mm/s, N 5 21), as judged by time lapse videos of these movements in several hyphae (Movie 10 and Fig. 7A-C) . These puncta were also frequently observed changing directions, stopping, and appearing to associate with other larger structures (Movie 10 and Fig. 7A-C) . These behaviors suggested that the puncta were trafficking along microtubules. Such movement has been extensively characterized in hyphae, and clathrin has been implicated in Golgi-endosome trafficking in other organisms (Costaguta et al., 2001; Hinners and Tooze, 2003; Lauvrak et al., 2004; Liu et al., 2008; Abenza et al., 2009) . To test this hypothesis, we first looked at the effect that various cytoskeletal disrupting agents had on the long distance trafficking by determining how frequently we could detect the movement under various conditions. The results of this experiment, presented in Fig. 7D and Movie 11, are as follows. In control conditions (see Experimental procedures), long distance movement, as defined by directional movement of a punctum over at least three frames, could be detected in 84.2% of videos captured (N 5 19). When cytochalasin A was added to inhibit actin trafficking, growth halted, but ClaH-GFP movement could still be seen in 81.5% of videos (N 5 27). However, when benomyl was added, which abolishes microtubule trafficking in filamentous fungi, ClaH-GFP trafficking was only observed in 3.8% of the captured image sequences (N 5 26, Movie 11).
To further confirm that clathrin was localized to structures that undergo long distance movement on microtubules, we attempted to colocalize ClaH with microtubules with a strain expressing GFP-TubA and ClaH-mCherry at their native loci. The velocity of movement of the small puncta, however, made imaging of traffic along microtubules difficult on our system, as did the observation that long distance traffic was primarily accomplished by small, dim structures, which were even more difficult to image with an mCherry fluorescent label. To assist with image capture of this rapid process, then, we took advantage of a previous observation (Abenza et al., 2009 ) that vesicle trafficking is slower in germlings that have been chilled and placed on a microscope slide. Using this technique, we observed colocalization of ClaH-mCherry puncta on microtubules labeled by GFP-TubA, and also some evidence of trafficking (Fig. 7E) . Larger structures, presumably Golgi, could also be observed travelling along microtubules labeled with TubA-GFP (Fig. 7F ).
Next, we tested the hypothesis that the trafficking ClaH-GFP was associated with endosomes. We approached this experiment in two ways. First, we attempted to see if the earliest FM4-64 labeled structures colocalized with ClaH-GFP. FM4-64 is primarily A. Image sequence showing ClaH-GFP puncta (thin arrows) moving linearly over a long distances within the cytoplasm (images taken from Movie 10) while another punctum remains static (thick arrows), time in mm:ss.msmsms. B. Kymographs of ClaH-GFP trafficking near the opposite edges of one hyphal cell. Arrows indicate directional movement in the kymograph. Images taken every 300 ms for 1 min. C. Representative trafficking event from the video used to create kymographs in B (Kymograph and time lapse images presented in inverted grayscale). D. Percent of image sequences in which linear traffic of puncta over 5 mm was observed when cells were exposed to cytoskeletal disrupting agents (cytochalasin A -microfilaments or benomyl -microtubules) or relevant controls. E. Small ClaH-mCherry punctum moving along a microtubule (thin arrows) after appearing to break off from a larger, static punctum (thick arrows). F. Large ClaH-mCherry structure (arrows) moving along a microtubule, as labeled by GFP-TubA (images acquired every 4 s). G. Early FM4-64 staining in cells expressing ClaH-GFP, arrows indicate FM4-64-labeled structures. H. Image of mature hyphal cells expressing ClaH-GFP and mCherry-RabA simultaneously, thick arrows indicate colocalization, thin arrows indicate mCherry-RabA structures with no ClaH-GFP. I and J. Germlings of strains expressing ClaH-GFP and mCherry RabA showing both structures that colocalize (thick arrows), and structures that do not colocalize (thin arrows). Scale bars 5 5 mm.
internalized through endocytosis and labels early endosomes within the first 10-15 min after addition (Hoffmann and Mendgen, 1998; Fischer-Parton et al., 2000; Peñalva, 2005; Abenza et al., 2009 ). FM4-64, and ClaH-GFP did not show colocalization at these earliest time points (5/45, 11.1% FM4-64-labeled structures also had ClaH-GFP signal that persisted for 3 or more images, 4 s/image, Fig. 7G ). To test the localization of ClaH-GFP on endosomes more directly, we colocalized ClaH-GFP with the early endosome marker mCherryRabA, which is under the control of the alcA promoter (Abenza et al., 2009; Zhang et al., 2014) . Under inducing conditions (MM with 1% ethanol as a carbon source), trafficking of ClaH-GFP and mCherry-RabA puncta could be easily observed (Movie 12). However, we were again unable to detect any strong colocalization (14/114, 12.2% mCherry-RabA endosomes had ClaH-GFP signal that persisted for 3 or more images, 4s/image, Fig. 7H ). Finally, we attempted to slow down endosomal trafficking by imaging germlings mounted on chilled microscope slides in liquid MM, as previously described (Abenza et al., 2009) . In this instance, we observed an increase in colocalization of patches in those germlings characterized by minimal trafficking (34/ 88 mCherry-RabA endosomes had ClaH-GFP signal that persisted for 3 or more image, 4s/image, Fig. 7I and J). Importantly, ClaH-GFP that colocalized with mCherry-RabA was generally larger and brighter than the rapidly-moving ClaH-GFP puncta, which were frequently just large enough to be resolved by our microscope (Movies 11 and 12). These results suggested that clathrin associates somewhat with endosomes, but that the moving puncta were separate from endosomes.
Discussion
Our effort to explore the importance of endocytosis in filamentous fungi led us to investigate clathrin in A. nidulans. To date, little is known about the localization or function of clathrin in filamentous fungi, despite the roles endomembrane trafficking and endocytosis have in fungal growth, development, and pathogenicity. In fact, few endocytic proteins have been characterized, and those that have are generally associated relatively late stages of endocytosis.
Analysis of endogenously tagged ClaH-GFP revealed several structures that exhibited predictable behaviors over time. In conidia, ClaH-GFP localization is almost indistinguishable from clathrin heavy chain in budding yeast (Newpher et al., 2005) , where it is present as cortical and cytosolic puncta that are relatively static. However, ClaH-GFP is substantially different in hyphae.
Clathrin associated with late Golgi in A. nidulans Clathrin formed large, fragmented rings that punctuated the cytosol. Because clathrin is a coat protein for vesicles budding from late Golgi (Daboussi et al., 2012) , and because the location of late Golgi is well known in A. nidulans Pantazopoulou et al., 2014; Pinar et al., 2015) , we reasoned that these clathrin structures represented clathrin localization on late Golgi. In yeast, clathrin overlaps strongly with late Golgi markers (Newpher et al., 2005; Daboussi et al., 2012) , and this is the case for most proteins previously localized to the late Golgi in filamentous fungi, which also cover the structures indiscriminately (Pantazopoulou and Peñalva, 2011; .
Clathrin, on the other hand, is concentrated to specific regions of late Golgi in hyphae. This suggests compartmentalization in the cytosolic leaf of the late Golgi membrane. One reason for this observation may be because there is almost certainly an increase in the diversity and the amount of cargo traveling into and out of late Golgi, both from earlier on in the secretory pathway (both early and late Golgi are relatively polarized ) and from endosomes (e.g., endocytic recycling from the endocytic collar). Organization at the late Golgi may be critical for properly handling this volume of traffic.
An obvious question that arises from this observation is: how do late Golgi support such organization? Many mechanisms could offer an explanation. The actin cytoskeleton, for example, is responsible for the polarization of late Golgi in A. nidulans , and is also involved in segregating cargo at the yeast late Golgi (Curwin et al., 2012) . However, clathrin was still organized at discrete spots on late Golgi, rather than spread throughout the organelles, in the presence of cytochalasin A (Movie 11, and personal observations).
Lipid composition is also coupled to protein dynamics at the Golgi. Ergosterol is enriched in low density secretory vesicles in yeast (Surma et al., 2011) . To our knowledge, there is currently no effective live-cell marker developed for ergosterol, but several sterol transport proteins were recently visualized in A. nidulans and did not appear to exhibit similar organization at the late Golgi (B€ uhler et al., 2015) . Phosphatidyl inositol 4-Phosphate (PtdIns(4)P) levels at the late Golgi, on the other hand, can be visualized in part by mRFP-PH OSBP , which also requires binding to ArfA/Arf1p for labeling (Levine and Munro, 2002) . Again, both ArfA and PH OSBP appeared to localize to Golgi membranes evenly, rather than to distinct domains, and when PtdIns(4)P levels are artificially decreased in yeast, clathrin and adaptor proteins still arrive at the late Golgi and exhibit the same organization and sequential progression Daboussi et al., 2012) . Whether manipulation of PtdIns(4)P levels in hyphae would change the overall organization of clathrin on late Golgi in A. nidulans remains to be seen.
Phosphatidylserine (PS) is also a constituent of late Golgi membranes, and may play a role in budding clathrin-coated vesicles there (Mioka et al., 2014; Takeda et al., 2014) . For example, many adaptor proteins associate with basic, negatively charged molecules such as PS (Yeung et al., 2008; Fairn and Grinstein, 2010; Fairn et al., 2011) . In addition, PS has previously been shown to stimulate ArfA/Arf1p activity in the recruitment of AP-1 and subsequent formation of clathrin-coated vesicles (Zhu et al., 1999) . Finally, the lipid flippase Drs2p, which contributes to PS asymmetry at the late Golgi and in post-Golgi vesicles, is required for the formation of a subset of clathrin coated secretory vesicles, and interacts physically with AP-1 in the sorting of several secreted proteins in yeast (Liu et al., 2008; Gall et al., 2002) . Although DnfB, the A. nidulans Drs2p homolog, shows strong localization to the late Golgi, it does not show the organization associated with clathrin, and PS only appears to be present in significant amounts on the outside of secretory vesicles (i.e., after late Golgi exit) . A PS-flip may contribute to the budding off of clathrin-coated vesicles, but it likely is not the only factor in the spatial organization of clathrin at this location.
Recent experiments in A. nidulans have demonstrated that the end of the late Golgi life cycle is typified by the exchange of PH OSBP for RabE, after which the organelle rapidly dissociates into smaller vesicles bound for the Spitzenk€ orper (Pantazopoulou et al., 2014; Pinar et al., 2015) . Our results place the time of clathrin recruitment (and likely, clathrin budding) at the late Golgi to just after PH OSBP depletion on all late Golgi, and given the data on RabE dynamics at late Golgi, the disappearance of clathrin is likely concomitant with the dissolution of the late Golgi into vesicles. This suggests that there might be synchronization between the production of exocytic vesicles and the production of clathrin-coated vesicles at the late Golgi. Clathrin budding could also be initiated by an overall change in late Golgi composition, which would explain why ClaH-GFP puncta on individual late Golgi arrive and leave with synchronicity even though they do not appear to be physically connected. It will be interesting to see whether Golgi adaptor proteins behave similarly. In addition, it is necessary to get a more time-resolved picture of the peak-peak times of fluorescence intensity for several late Golgi and postGolgi markers, as done in Daboussi et al. (2012) . Our imaging system did not allow for the rapid capture needed for this analysis.
Clathrin involvement in endocytosis in A. nidulans and other filamentous fungi
The clathrin coat is one of the longest-lived components of the endocytic machinery that contains >60 proteins. It is recruited by ENTH-domain containing proteins such as Ent1/2p, as well as the AP-2 adaptor complex, early in the endocytic process, after which the coat assembles and is maintained on forming vesicles until they undergo fission and move into the cytosol (Carroll et al., 2012; Weinberg and Drubin, 2012; Kukulski et al., 2016) . We previously published details of the endocytic marker FimA in A. nidulans (Upadhyay and Shaw, 2008) which did not include an examination of the lifetime of fimbrin endocytic patches. Fimbrin has since been shown to show similar localization in a variety of filamentous fungi (Castillo-Lluva et al., 2007; DelgadoAlvarez et al., 2010; Gupta et al., 2015) . Here, we observed that these structures appear to dissipate more rapidly in hyphae than in budding yeast (9 s vs 12 s) (Kim et al., 2006) . Importantly, clathrin could not be seen colocalizing with many FimA patches, including nearly 60% of subapical endocytic sites. In the endocytic collar, clathrin did not form puncta, but rather localized to a haze, whereas in spores and subapical compartments only rarely colocalized with FimA endocytic patches. In addition, the claL deletion mutants, though extremely impaired in growth, could internalize FM4-64 at rates similar to wild type, suggesting the presence of a clathrin-independent endocytic pathway in A. nidulans. In parallel experiments looking at the interdependence between ClaH and FimA, ClaH depletion, although clearly disruptive to cells, did not appear to change FimA patch dynamics. fimA disruption produced a different effect on ClaH: ClaH accumulation occurred at the endocytic collar. The structures that accumulated, however, were still much larger, dimmer, and more stable than FimA patches (Fig. 6E and Movie 9) . In all, these suggested that clathrin, and possibly other "early" endocytic proteins, have a unique structure and dynamic from later endocytic proteins, and are possibly always present at sites of endocytosis at a low level, which makes them undetectable or having a negligible role at these sites.
Despite the supposed ubiquity of clathrin in eukaryotic endocytosis, coated vesicles have rarely been seen in micrographs produced by transmission electron microscopy in hyphae and other filamentous fungal cell types (Bracker, 1967; Grove and Bracker, 1970; Howard, 1981; That et al., 1987; Hoffmann and Mendgen, 1998; Fischer-Parton et al., 2000; Hohmann-Marriott et al., 2006; Bourett et al., 2007) , and whether endocytosis in filamentous fungi is primarily clathrin-dependent or independent has remained unresolved. Mechanisms for clathrin-independent endocytosis are well known in mammals and have recently been analyzed in yeast, where they are controlled by proteins generally associated with actin cables, such as formin (Prosser et al., 2011; Mayor et al., 2014) . The sole formin in A. nidulans, SepA, can be seen at the endocytic collar (our unpublished observations), and is important for hyphal growth (Harris et al., 1997; Sharpless and Harris, 2002) . However, the clathrinindependent pathway in yeast was not dependent upon fimbrin, whereas FimA appears required for nearly all endocytosis (including FM4-64 internalization) in A. nidulans (Upadhyay and Shaw, 2008; Lucena-Agell et al., 2015; .
One potential indication that clathrin-independent endocytosis or trafficking is occurring in fungi is the filasome. These are small vesicles that are associated with cell wall components, and seen surrounded by microfilaments (Hoch and Howard, 1980; Howard, 1981; Takagi et al., 2003) that were later shown to be primarily composed of actin (Bourett and Howard, 1991; Roberson, 1992; Bourett et al., 2007) . Actin is a major component of the endocytic machinery, and filasomes have been seen in the periphery of the cell, suggesting that they might be originating from the plasma membrane (K€ ubler and Riezman, 1993) . Whether they are associated with clathrin, however, has not been resolved, and more recent studies have provided evidence against them being of endocytic nature, at least in terms of trafficking to the vacuole (Mulholland et al., 1994 , Ayscough, 2000 Takagi et al., 2003) . Notably, fimbrin patches are not always associated with the plasma membrane, as some are observed undergoing long distance directional movement within the cytoplasm in A. nidulans (Upadhyay and Shaw, 2008) . Most recently, filasomes were described in Coemansia reversa, but interestingly appeared to have a more regular coat rather than the indistinct mass of filaments surrounding the microvesicle cores of previous images of filasomes. In short, there is little direct evidence for filasome participation in endocytosis, but the role of filasomes, and whether clathrin itself is completely dispensable for endocytosis in fungi, remain unresolved. The use of methods to disrupt clathrin specifically at the plasma membrane are likely necessary to shed light on the latter issue, although discovering such a method that lacks significant pleiotropic effects is difficult (Vercauteren et al., 2010; Dutta and Donaldson, 2012) .
Vesicle trafficking of clathrin in A. nidulans
The historic absence of clathrin-coated vesicles seen using electron microscopy, however, did not preclude us from observing a lively network of clathrin trafficking within the cytosol. These led us to hypothesize that clathrin may be acting on early endosomes, both due to the speed and bidirectionality of the trafficking puncta, and by observations suggesting movement was on microtubules. Clathrin could potentially affect early endosomes in three ways: first, by facilitating the transfer of cargo from the late Golgi to endosomes, second, by assisting in the formation of endocytic vesicles, which fuse with early endosomes, and third, because clathrin is known in mammalian cells to produce a specific class of vesicles from early endosomes. In plants, the late Golgi and early endosomes are part of a continuous network and share membrane identity (Viotti et al., 2010) . However, they are spatially resolved in filamentous fungi which has allowed for their extensive characterization (Steinberg, 2007b; Abenza et al., 2009; Zhang et al., 2014) .
Early endosomes in A. nidulans are composed of two separate populations: large, less motile structures and smaller, bidirectionally motile, rapid structures that move over long distances (Abenza et al., 2009) . The highly motile ClaH-GFP puncta have the characteristics of the smallest set of early endosomes, and we did observe some colocalization between ClaH-GFP and the early endosomal marker mCherry-RabA. Movement of these proteins together on the same organelles, however, still needs to be established. It is possible that ClaH-GFP trafficking, which is able to stop abruptly and occasionally appears to occur from puncta breaking off of larger structures (and notably does not enter the hyphal apex, as opposed to early endosomes), is representative of transient association of ClaH-GFP with vesicles immediately after budding. Further investigations into clathrin in filamentous fungi should make use of biochemical characterization of isolated and purified early endosomes. Pharmaceuticals that target clathrin-mediated endocytosis but not other roles of clathrin would also be extremely useful in future studies.
Experimental procedures
Cultivation of A. nidulans All A. nidulans strains used in this study were cultivated on standard, solid minimal medium with the appropriate nutritional supplements (Kaminskyj, 2001 ) unless otherwise noted. For transformation, 10 9 freshly harvested conidia were grown overnight in standard, liquid complete medium with appropriate supplements. Selection occurred on minimal medium with 1.2 M sorbitol and the appropriate supplements added. Germlings were cultivated on sterile coverslips in liquid minimal medium with the appropriate supplements added. alcA::mCherry::rabA was induced by culturing spores on solid or liquid minimal medium with 1% ethanol as a carbon source. niiA::claH was cultured in solid minimal medium with either 40 mM NaNO 3 (expressing) or 40 mM NH 4 Cl (repressing) as a nitrogen source. Crosses were performed on minimal medium with appropriate supplements using standard A. nidulans mating techniques (Kaminskyj, 2001 ).
Genetic analyses and genetic manipulation of A. nidulans
Sequence of the claL, claH, and fimA coding sequences for the creation of primers and for sequence homology analysis were obtained through the Aspergillus genome database (www.aspgd.org) (Cerqueira et al., 2013) . Sequence homology analysis was performed by the Basic Local Alignment Search Tool for nucleotide and protein sequences on the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov/).
All A. nidulans strains used and constructed in this study are listed in Supporting Information Table S1 . The primers and plasmids used to obtain these strains are listed in Supporting Information Tables S2 and S3 respectively. The protocol used to perform fusion PCR-based amplification of knockout and GFP/mCherry transformation constructs, as well as the protocol for polyethylene glycol transformation of protoplasts was previously published (Oakley et al., 2012) . The claL deletion mutant was obtained in the strain TNO2A7 (Nayak et al., 2006) using Aspergillus fumigatus riboB as a selectable marker to replace the complete claL coding sequence. All fluorescent protein constructs were expressed as the sole copy of the gene under the control of their native promoters through insertion of the GFP or mCherry coding sequence just before the stop codon of each respective coding region. These strains were constructed in this manner to ensure native levels of expression for all fluorescent constructs. ClaH-GFP and ClaL-GFP in strain TNO2A7 were obtained by inserting a fragment including the GFP coding sequence followed by the A. fumigatus pyrG gene amplified from plasmid pFNO3 (Yang et al., 2004) immediately after the claH or the claL coding sequence. The FimA-mCherry and ClaH-mCherry in the strain NkuNU were obtained by inserting a fragment including the mCherry coding sequence followed by the A. fumigatus pyroA gene amplified from plasmid pHL85 (Liu et al., 2009 ) immediately after the fimA or the claH coding sequence. claH was placed under the control of the niiA promoter by insertion of a construct encoding the A. fumigatus pyrG gene followed by the niiA promoter amplified from plasmid 1863 (Herv as-Aguilar and Peñalva, 2010) immediately preceding the claH locus through homologous recombination. For each transformation, eight primary transformants were analyzed to confirm the presence of similar phenotypes for deletion or knockdown mutants, or for similar fluorescence localization and the wild type-like growth in GFP and mCherry fusion strains.
All strains were validated by PCR using primers outside of the introduced fragment of DNA to confirm the presence of an insertion of the expected size at the locus. A single integration of ClaH-GFP into strain ZS100 was shown through Southern blotting, and ClaH-GFP fluorescent localization segregated 1:1 in crosses with MAD2243 (late Golgi marker) ), L01028 (GFP-TubA strain) (Horio and Oakley, 2005) , and RQ54 (mCherry-RabA strain) (Abenza et al., 2009) . All transformants were singlespored twice before collecting and performing experiments to ensure that strains were homokaryotic.
Preparation for imaging, and pharmaceutical and dye application. For imaging of clathrin at late Golgi and at the endocytic collar in mature hyphae, conidia were streaked in the center of a plate of minimal medium and incubated overnight at 308C. On the next day, a square of agar containing the leading edge of the growing colony approximately the size of a 22 mm 3 22 mm cover slip was cut out and placed on a glass slide. Next, 15 ml of liquid minimal media were applied to the cells on the block of agar, and a coverslip was gently added to minimize damage to the cells; finally, the cells were incubated at 308C for 20 min to allow for equilibration, and imaged at 238C. Imaging of rapidly growing (approximately 1.3 mm/min), leading hyphae could take place for at least 3 h after the addition of the cover slip before the space between the agar and the coverslip began to become desiccated. Imaging of germlings, alternatively, began within 5 min of placing the coverslip, with germlings attached, on the microscope slide with no additional liquid minimal medium, as performed previously (Shaw et al., 2002) . For chilling of germlings, spores germinated on coverslips in liquid minimal medium at 308C overnight were placed in 48C for 30 min before being placed on microscope slides pre-cooled to 18C and maintained on ice until just before imaging.
For benomyl treatment, 15 ml of liquid minimal media with a final concentration of 5 mg/ml benomyl from a stock of 500 mg/ml in 100% ethanol was added to the cells before the addition of the coverslip. Cytochalasin A was added at a final concentration of 200 mg/ml from a stock of 10 mg/ml DMSO in a similar manner. The cells were then incubated for 20 min and imaged. A similar procedure was followed using an appropriate amount of 2% DMSO or 1% ethanol to strains expressing Lifeact-tagRFP or GFP-TubA to confirm the effects of these drugs on actin and microtubule respectively. 15 ml of liquid minimal medium with a 300 mg/ ml Brefeldin A (BFA) was added for observations on ClaH-GFP at late Golgi, and imaging took place immediately. FM4-64, finally, was applied at a final concentration of 20 mM in 15 mm of liquid minimal medium before applying the coverslip to the hyphae, or by injecting a similar volume of medium with a similar concentration of FM4-64 to equilibrated cells situated between the surface of the agar and the coverslip using a Hamilton syringe. Imaging beginning immediately after application.
Imaging and image analysis
All images and videos presented here are of medial optical planes captured with epifluorescence microscopy. Imaging was done on using a system described previously (Shaw and Upadhyay, 2005; . This included an Olympus BX51 microscope (Olympus, Tokyo, Japan) with appropriate GFP and RFP/mCherry filter sets, Clathrin in A. nidulans 313 a cooled Hamamatsu Orca ER camera (Hamamatsu Photonics, Hamamatsu City, Japan), Slidebook imaging software (Intelligent Imaging Innovations/3i, Denver, Colorado, USA) for interfacing with the microscope and for deconvolution when appropriate, FIJI/ImageJ (Rasband, 1997; Schindelin et al., 2012) for image analysis, Adobe Photoshop (Adobe, San Jose, California, USA) for processing and formatting. When appropriate (e.g., when presenting images or videos of dim ClaH-GFP structures such as endocytic sites or moving puncta), videos and images are presented in inverted grayscale.
To analyze progression from mRFP-PH OSBP fluorescence on an individual late Golgi cisterna to ClaH-GFP fluorescent signal, ten two-color time-lapse image sequences of at least one mature hypha each were captured at a rate of 15 images/min for up to 8 min, taking into account the average late Golgi lifetime of 120 s (Pantazopoulou et al., 2014, #105; 2016, #502) . Late Golgi cisternae that exhibited a clear transition from mRFP-PH OSBP to ClaH-GFP in this time period and were sufficiently distant from other GFP and mCherry signal during their lifetimes such that their fluorescent signal would not be augmented by signal from surrounding structures in the cytoplasm were chosen for data collection, which went as follows: mean fluorescence levels for each channel (green and red) were measured using ImageJ for regions of interest that included the complete late Golgi. Measurements were taken over the period from when mRFP-PH OSBP fluorescence reached maximum levels until the late Golgi cisterna was no longer visible. The mean fluorescence intensity for each channel at each time point was then corrected for background fluorescence levels and the relevant intensity data was normalized for maximum and minimum fluorescence intensity of each channel during the entire image sequence to enable graphical representation of mRFP-PH OSBP to ClaH-GFP transition. A quantitative assessment of colocalization was obtained as a Pearson's Correlation Coefficient through "Mask Statistics" in Slidebook 5.0 by measuring GFP and mCherry overlap in a filled in region of mature hyphae of interest expressing relevant GFP and mCherry constructs.
The lifetimes of FimA-GFP and ClaH-GFP endocytic patches were measured using time-lapse sequences with single plane images for up to 2 min at a rate of 1 s/image. ClaH-GFP lifetimes were primarily calculated for patches as close to the endocytic collar as possible, while FimA-GFP patch lifetimes were calculated for patches present throughout the cell. Patch lifetimes were calculated from the time a patch was first visible until no signal was present. Colocalization between FimA-mCherry and ClaH-GFP was determined by obtaining time-lapse sequences (15 images/min) of strains that produced both of these proteins, and determining whether GFP signal was present or absent before the appearance of a FimA-mCherry patch. Density of FimA-mCherry patches was calculated by observing the number of new patches that appeared in 1 min within a 5 mm site corresponding to the endocytic collar, or a site of the same size 15 mm away from the apex. The patches that arrived in this time period were also measured for their maximum size and their fate (fusion, fission, lateral movement outside of the 5 mm window, or disappearance) for each zone (apical and subapical).
Kymographs were created using Slidebook by reslicing images along a segmented line drawn through the length of hyphae. At least ten videos of cells expressing ClaH-GFP and exposed to liquid minimal medium with 2% DMSO, 1% ethanol, cytochalasin A, or benomyl were taken, at 500 ms/frame and 20 frames, and the number of videos in which trafficking of puncta could be seen was tallied and compared between the treatments. Colocalization of ClaH-GFP with mCherry-RabA and FM4-64 was assessed by taking time-lapse sequences at 4s/image and assaying whether puncta in the RFP channel overlapped with puncta in the GFP channel for 3 or more frames in a row, to minimize the possibility of false positives.
